The Andes Mountain range of South America is one of the most rapidly warming regions in the world. Alpine lakes from Cajas National Park (Ecuador) have shown evidence of increased thermal stratification and associated shifts in algal communities in recent decades, consistent with regionally warmer air temperatures and reduced wind speeds. Here, we use paleolimnological approaches to examine the impacts of recent climate change on Cladocera (Crustacea, Branchiopoda) in three equatorial alpine lakes. Each lake experienced a shift in abundance from the small pelagic grazer Bosmina spp. to larger Daphnia spp. In two of the lakes, Daphnia spp. increased from an average of~5 to 35-40% relative abundance within the last~20 years. Meanwhile, in the third lake, Daphnia spp. increased to~50% relative abundance in the~1970s, but subsequently declined to background levels within the following decade. We show that cladoceran assemblages have undergone marked shifts during a period of rapid climate change in this region, but unlike comparable work on algal indictors, the response has been more complicated. We conclude that climate is likely affecting these keystone aquatic invertebrates, and may begin to impact higher level predators such as fish, which often rely on cladocerans as a food source.
the rapid retreat of many Andean glaciers, upon which tens of millions of people are dependent for drinking water, agriculture and hydroelectric power (Barnett et al., 2005; Viviroli et al., 2007; Beniston, 2012; Vuille, 2013) . So far, little attention has been directed towards the potential impacts to lakes, which also act as key water resources in the region. Despite the sensitivity of the Andes to climate change, there remains a paucity of long-term limnological data upon which to base management decisions.
In the absence of long-term monitoring data, lake sediments can be used to reconstruct limnological changes (Smol, 2008) . Here, we recovered high-resolution sediment cores spanning the last~200 years from the lake-rich region of Cajas National Park,~30 km from Cuenca, Ecuador (Fig. 1) . The Park was officially established in 1996 and contains over 200 lakes of glacial origin, with minimal disturbance to their catchments. The Cajas lakes are the source for~60% of the drinking water supply to Cuenca, the third largest city in Ecuador, with a population >400 000 (Buytaert et al., 2006) .
Previous paleolimnological research from Cajas National Park examined fossil diatoms, algae that are sensitive indicators of environmental change (Smol and Stoermer, 2010) , as well as measurements of sedimentary chlorophyll a and its main diagenetic products, which provides an estimate of past primary production (Michelutti et al., 2010; . Based on a previous study from the same lakes (Michelutti et al., 2015c) , the planktonic diatom Discostella stelligera increased from trace abundances to become the dominant taxon in recent assemblages. This increase is consistent with its tendency to flourish under conditions of enhanced water column thermal stability caused by increased air temperatures and decreased wind speeds (Rühland et al., 2015) . Furthermore, aquatic production remained stable, and even decreased in Toreadora, the highest elevation lake, possibly due to enhanced stratification reducing the upwelling of hypolimnetic nutrients into the surface waters (Michelutti et al., 2015c) . Consistent with the biological indicators and sediment geochemistry, thermistor data have subsequently demonstrated that the Cajas lakes, formerly understood to be polymictic (SteinitzKannan, 1997) , do indeed now thermally stratify by at least 2°C for more than 40% of the year .
Here, we examine the history of changes in subfossil Cladocera from the same Cajas-area study lakes analyzed for algal indicators by Michelutti et al. (Michelutti et al., 2015c) . The Cladocera are an order of crustacean zooplankton that occupy an intermediate trophic level in aquatic food webs. As a result, they respond both to bottom-up (changes in primary production) as well as top-down (changes in predation) shifts in the food web. Furthermore, many cladoceran species have wellestablished environmental optima, and display documented responses to shifts in climate (Lotter et al., 1997; Bos and Cumming, 2003; Kamenik et al., 2007; Sweetman et al., 2010; Nevalainen et al., 2013) . In combination with the diatom and sedimentary chlorophyll a records from these same lakes (Michelutti et al., 2015c) , information on the response of cladoceran abundance and species composition will provide a more holistic account of the limnological changes occurring in this region.
We use the subfossil cladoceran assemblages to answer the following research questions: first, do the Cladocera respond to recent climate changes in the study region, and if so, is the timing and magnitude of the species shifts similar to those recorded by the diatoms (primary producers)? Second, if assemblages have changed, what are the likely main limnological factors affecting cladoceran species composition in these lakes? To answer these questions, we compared the subfossil cladoceran records of the three Cajas lakes to estimates of paleo-production (Michelutti et al., 2015a) , lake temperature profiles (collected from thermistors deployed over 1 year; and inferred predation pressure (using the presence/absence of Chaoborus remains and measurements of Bosmina size attributes that can shift through cyclomorphosis in response to type and intensity of predation; Korosi et al., 2013) . Taken together, these comparisons enable the assessment of the potential physiological (e.g. water temperature), bottom-up (e.g. primary production) and top-down (e.g. predation) factors in influencing the cladoceran species composition of these lakes.


M E T H O D Site description and field methods
Cajas National Park (2°47′0.57″S, 79°13′20.54″W) is located~30 km from Cuenca, Ecuador (Fig. 1) . Lakes in the Park are largely fed by precipitation, which averages 2000 mm per year (Hansen et al., 2003) . Although temperature in the Park can range from −8 to 18°C, diurnal variations far exceed those experienced seasonally (Hansen et al., 2003) . The Cañar meteorological station, located~30 km east of Cajas, has recorded a mean air temperature increase of 1.15°C (average increase of 0.29°C per decade) and a decline in average wind speed of over 40% since the 1970s (Michelutti et al., 2015c) . Limnological characteristics of the three study lakes (Toreadora, Chorreras and Llaviucu) are given in Michelutti et al. (Michelutti et al., 2105c . Briefly, the lakes are characterized by low nutrient concentrations, low conductivity, circumneutral pH levels (Table I ) and extended periods of thermal stratification with irregular intervals of mixing . The study lakes span an elevation gradient of nearly 800 m.
The catchments of Toreadora (elevation: 3920 m a.s.l.; Z max : 31 m; surface area: 18.7 ha; Fig. 2A ) and Chorreras (elevation: 3700 m a.s.l.; Z max : 18 m; surface area: 16.7 ha; Fig. 2B ) are characterized by páramo ecosystem, with grasses and small shrubs as the dominant vegetation, while the catchment of the lower elevation Llaviucu (elevation: 3140 m a.s.l.; Z max : 17 m; surface area: 17 ha; Fig. 2C ) contains a mix of trees and low shrubs, surrounded by steep alpine terrain. There are two buildings located around the shoreline of Llaviucu; however, one is abandoned, while the other is rarely used. The catchment of Toreadora contains the park operations office, a guest cabin and a restaurant/interpretive centre building. Undocumented stocking with Rainbow Trout (Oncorhynchus mykiss) occurred in many of the lakes in the region around the 1970s, and it is likely that each of the three study lakes supports populations of this species.
Lakes were sampled in July 2011, and cored at their deepest points from an inflatable boat using a Glew (1988) gravity corer. Sediments were sectioned into whirl-pack bags on shore using a Glew (1989) extruder. Epilimnetic water samples were taken at each coring site from~30 cm depth using pre-washed bottles. All samples were kept cool and dark for the duration of the field season and subsequent shipment to the laboratory.
Laboratory methods
The lake sediments have undergone prior analysis to establish a 210 Pb-based dating chronology, as well as the examination of fossil diatoms and sedimentary chlorophyll a (Michelutti et al. 2015c) . We include percent relative , calcium; TN, total nitrogen; TP unfilt., total phosphorus from unfiltered lake water. Chorreras water chemistry data are from 6 July 2011, Llaviucu and Toreadora data from 28 and 29 August 2015, respectively, except pH and conductivity, which were collected on 8 and 11 August 2014, respectively. Conductivity data were not collected for Chorreras. Further details are listed in Michelutti et al. (Michelutti et al., 2015c) .  abundance of D. stelligera and sedimentary chlorophyll a and its degradation products measured by visible reflectance spectroscopy from Michelutti et al. (2015c) to enable comparison with primary producers and whole-lake production (Fig. 3) . Water chemistry analysis (Table I) followed protocols described in Environment Canada (Environment Canada, 1994a , 1994b .
Cladoceran remains were prepared largely following methods outlined in Korhola and Rautio (Korhola and Rautio, 2001) . Briefly,~0.1 g of freeze-dried sediment was weighed into a beaker, and deflocculated in 10% KOH on a~70°C hot plate for 20 min. Sediments were sieved on a 38-μm mesh and rinsed into a glass container, with three drops each of ethanol (preservative) and safranin-glycerine (colourant) solution added to form a slurry. Slides were plated with between 6 and 60 50-μL aliquots of the slurry, and a glass cover slip was mounted with glycerine jelly. Entire slides were counted using a Leica DMR light microscope at 200× magnification. When possible, at least 70 cladoceran individuals were counted for each interval, in compliance with counting guidelines recommended by Kurek et al. (Kurek et al., 2010) , and this requirement was met in all but three intervals , Chorreras 10.0-10.5 (45) and Chorreras 12.0-12.5 (43)]. Taxonomic identification followed Szeroczyńska and Sarmaja-Korjonen (Szeroczyńska and Sarmaja-Korjonen, 2007) and Smol, 2012a, 2012b) , which focus on European and North American cladoceran species, respectively. Given the lack of comprehensive South American subfossil identification guides, and the noncosmopolitan nature of the Cladocera (Frey, 1987) , we grouped the major species into complexes. When remains could not be identified, they were assigned a serial number. Daphniids were tabulated as Daphnia spp. (sum of Daphnia pulex and Daphnia longispina species complexes) due to frequent fragmentation of remains, which often precluded identification to higher taxonomic resolution.
The stocking of Rainbow Trout in the study lakes occurred largely in the 1970s; however, the exact timing and magnitude of stocking efforts are not documented. Fish leave few well-preserved remains in the sediment record, and thus their historical presence or absence must be inferred through indirect proxy evidence. The invertebrate predator, Chaoborus, has been widely used in North American (Lamontagne and Schindler, 1994; Uutala et al., 1994; Labaj et al., 2013) and European (Luoto and Nevalainen, 2009; Palm et al., 2012) lakes as an indicator of historical fish presence or absence, as some species are especially sensitive to planktivorous fish predation (von Ende, 1979; Sweetman and Smol, 2006) . Preparation of sediments for Chaoborus analysis followed methods outlined in Walker (2001) . Briefly,~1 g of freeze-dried sediment was deflocculated in 5% KOH on a~70°C hot plate for 20 min. Sediments were sieved on a 100-μm mesh, and rinsed into a beaker with deionized water. The resulting slurry was scanned in entirety using a Bogorov chamber under 25× magnification, with any Chaoborus mandibles removed from the slurry with forceps, and permanently mounted on a slide. Four sediment intervals were examined from Llaviucu, which was known to be stocked in the 1970s, and continues to be a popular local fishing destination. Two intervals were from pre-1940 (16.0-16.5 and 18.0-18.5), before fish stocking occurred, and two from after 1994 (3.5-3.75 and 4.0-4.25) following fish stocking. Despite examining sediment in sufficient quantities, no Chaoborus mandibles were identified in the sediments.
In a further attempt to assess potential shifts in past predation intensity, we measured three size attributes of Bosmina spp. (Korosi et al., 2013; Labaj et al., 2016) during periods of cladoceran species turnover. Bosmina spp. has been used as an indicator for past predation intensity in European and North American lakes (Alexander and Hotchkiss, 2010; Korosi et al., 2010 Korosi et al., , 2013 , as it varies its size through cyclomorphosis in response to predation pressure. Antennules, mucros and carapaces were photographed at 100× magnification using a Leica DMR light microscope. All intact and identifiable remains were measured using Northern Eclipse imaging software (Empix Imaging, Inc.). A minimum of 40 of each remain were measured to ensure that a valid representation of the population was captured from each period (Brahney et al., 2010) . Bosmina spp. size measurements were performed in each of the lakes from sediment intervals dating to before and during the increase in Daphnia spp. relative abundance, as well as after the increase in Llaviucu and Chorreras. Between 1 and 3 sediment intervals were scanned for each time period. Non-parametric Kruskal-Wallis tests were used to assess whether the Bosmina spp. size distributions differed significantly (P < 0.05) across the three time periods, and pairwise MannWhitney U tests (with Holm-corrected P value) were used to assess whether they differed significantly (P < 0.05) between each of the time periods.
R E S U L T S
Rare taxa, forming <2% relative abundance in two or more intervals, constituted the majority of fossil cladoceran species identified (Fig. S1 , Supplementary material online). Three taxa, Bosmina spp., Daphnia spp. and Chydorus cf. sphaericus, were abundant in the assemblages of all three study lakes. Bosmina spp. was the dominant taxon overall, comprising relative abundances between 54 and 98% over the last~200 years. Chydorus cf. sphaericus, a littoral grazer species, was found at low (<6%) relative abundance throughout the entire records of all three lakes. Daphnia spp. were present throughout the entire records of each of the study lakes, though experienced marked and abrupt increases in each of the lakes within the last 50 years (Fig. 3) . In Toreadora, Daphnia spp. relative abundance averaged~12% from~1800 to the mid-2000s; however, rapidly increased to~40% in the mid-2000s, and has since declined to~18% relative abundance at the core surface (Fig. 3) . A similar increase occurred in Llaviucu, where Daphnia spp. increased from an average of~3.5% relative abundance to~35% in the mid-1990s, and has declined since then, albeit remaining between 8 and 25% relative abundance to the present day (Fig. 3) . The abrupt rise in Daphnia spp. relative abundance occurred earliest in Chorreras, and was accompanied by an equally rapid decline after~10 years (Fig. 3) . Here, Daphnia spp. averaged~9% relative abundance until 1970, when it rapidly increased to~50%. Daphnia spp. relative abundance remained above 50% until~1975, when it began declining, reaching 28% relative abundance by~1980, and averaged~3.5% to present.
Several cladoceran taxa occurred at low abundances in our study lakes. In Llaviucu, Alona cf. guttata was regularly identified throughout the core, albeit in generally low (<3.5%) relative abundances (Fig. S1C, Supplementary  material online) . Alona cf. guttata reached a maximum relative abundance of~12.5% in~2009, however declined to <5% relative abundance towards the core surface. Carapaces belonging to the genus Alona (identified as "Undifferentiated Alona spp.") were also found in low (<4%) relative abundance throughout the core.
No Chaoborus spp. mandibles were found in the sediments we examined from Llaviucu, preventing their use as a proxy for inferring past fish presence/absence. Among the three measured Bosmina spp. size attributes, Kruskal-Wallis tests identified only two significant shifts in size attributes between the time periods examined (Fig. S2, Supplementary material online) . In Llaviucu, antennule length decreased significantly (P = 0.02), and in Chorreras, mucro length increased significantly (P < 0.01) from before to after the rise in Daphnia spp. relative abundance. No other size attribute shifted significantly in the lakes during the examined time periods (Fig. S2, Supplementary material online) .
D I S C U S S I O N
While the fossil diatom profiles for these study sites (Michelutti et al., 2015c) , as well as other Andean lakes (Michelutti et al., 2015a (Michelutti et al., , 2015b , record a straightforward response to warming-induced thermal stratification , cladoceran assemblages did not show consistent responses to post-1970s warming in the region, although notable shifts in pelagic species composition occurred in all lakes. The dominant cladoceran shift in each of the study lakes was an increase in the relative abundance of the large pelagic grazer Daphnia spp. and a decline in the smaller grazer Bosmina spp., though the timing, duration and magnitude of this shift differed between the lakes, and one lake showed a reversal of this trend in the recently deposited sediments.
Daphnia spp. have previously been identified as sentinels of climate change in alpine systems. For example, increases in D. pulex in a Tibetan Plateau lake betweeñ 1910 and~1970 were attributed to warmer temperatures, where increased growth of algae allowed Daphnia to outcompete Bosmina (Kong et al., 2016) . Similarly, within the Rocky Mountains, Daphnia middendorffiana (an Arctic and alpine species in the D. pulex spp. group) abundance has increased, correlated with warmer water temperatures (Fischer et al., 2011) . Importantly, D. middendorffiana shows a peak in activity, growth and respiration at 13-14°C (Yurista, 1999) , a temperature range that is now being reached periodically in the epilimnion of Cajas lakes during thermally stratified periods .
The Daphnia spp. rise in Llaviucu and Toreadora occurs at a time when the lakes are experiencing extended periods of thermal stratification, as indicated by thermistor data and inferred from rising relative abundances of Discostella stelligera, a planktonic diatom species commonly associated with thermally stratified conditions (Rühland et al., 2008 (Rühland et al., , 2013 (Rühland et al., , 2015 Michelutti et al., 2015c) . Our finding of increased Daphnia spp. during stratified periods contrasts with some studies from temperate (George, 2000) and alpine (Fischer et al., 2011; Nevalainen et al., 2014) lakes, where Daphnia spp. abundance was at least partially associated with increased water column turnover and deeper mixing depth. In temperate systems, deeper mixing is thought to favour algal production at a time when zooplankton reproduction is occurring, and food demands are high (George and Taylor, 1995; George, 2000) . However, our tropical alpine study lakes lack strong seasonal temperature variations and winter ice cover, and so algal and zooplankton growth is not impeded by winter ice. Despite a scarcity of limnological data from this region, studies from the 1980s suggest that alpine lakes of Ecuador rarely exceeded temperatures of 12°C (SteinitzKannan, 1997), whereas presently it is not uncommon for Cajas-area lakes to exceed 12°C . Although we cannot identify the sedimentary Daphnia spp. remains to the species-level, our data would support a hypothesis that warmer epilimnetic temperatures may have enhanced Daphnia spp. reproduction and growth in Toreadora and Llaviucu, contributing to their elevated abundance in recent years. Although Daphnia spp. abundance has declined slightly in recent years within these lakes, it nevertheless remains generally elevated above average abundance before Daphnia spp. increased.
Chorreras displayed the largest and earliest increase in Daphnia spp. relative abundance among our study lakes. However, unlike Llaviucu and Toreadora, Chorreras also documented a rapid decline back to earlier relative abundance levels. This abrupt spike in Daphnia spp. relative abundance occurs~25-35 years earlier than in Toreadora and Llaviucu, and predates the rise in Discostella stelligera bỹ 10 years. We are presently not certain of the mechanism responsible for the rapid Daphnia spp. decline in Chorreras in recent years.
To investigate the potential role of predation as a driver of the Daphnia spp. rise in the lakes, we attempted to use Chaoborus spp. as a proxy for past fish presence/absence in Llaviucu, a popular fishing destination. However, no Chaoborus mandibles were found in the sediments we examined, and so we instead measured Bosmina spp. size attributes known to be sensitive to type (vertebrate vs. invertebrate) and intensity of predation (Alexander and Hotchkiss, 2010; Korosi et al., 2010 Korosi et al., , 2013 Labaj et al., 2016) . Bosmina spp. sizes can shift through cyclomorphosis, resulting in the population-level size changes that can be measured to infer past predation. Invertebrate predators (e.g. Chaoborus spp., copepods) are often limited to prey items that they can fit within their mandibles (termed "gape limited"). When large invertebrate predators (capable of causing outright mortality) are present, elongated Bosmina spp. mucros increase prey-handling time, and decrease likelihood of a successful capture (Black, 1980; Post et al., 1995) . In the presence of smaller invertebrate predators (capable of causing injury, but not outright mortality), elongated antennules may help protect fragile swimming appendages from damage in an attack (Post et al., 1995) . Conversely, vertebrate (planktivorous fish) predators typically select the largest prey items available using vision, thus in their presence, smaller and less visible size attributes would be favoured (Kerfoot, 1975) .
Most of the lakes in this region of Ecuador were stocked with non-native Rainbow Trout during the 1970s for sport fishing. Therefore, shifts in predation regime through time may have exerted a top-down influence on the cladoceran species composition in the lakes. We examined Bosmina spp. size attributes during three time periods corresponding to before, during and after the rise in Daphnia spp. in each lake to determine whether the cladoceran species shifts occurred concomitant with inferred predation regime shifts. Overall, the Bosmina spp. size attribute measurements do not suggest that shifts in predation regime influenced the increase in Daphnia spp., as none of the shifts were significant during the time that Daphnia spp. increased. In Llaviucu, antennule length decreased from before to after the Daphnia spp. rise, possibly suggesting that small invertebrate predators have been decreasing in the lake, while in Chorreras, mucro length increased during the same time span, possibly indicating an increase in large invertebrate predators. Although these two shifts in size attributes suggest a slow shift in predation regime over time, the timing cannot be linked with the clacoceran species shifts.
As mostly herbivorous grazers, cladocerans often rely on primary producers as a food source. To assess whether shifts in primary producers influenced the cladoceran composition, we compared the timing of their changes to that of the diatom shifts and changes in whole-lake production as inferred by sedimentary chlorophyll a. In both Llaviucu and Toreadora, Discostella stelligera abundance increased at a time when cladoceran species composition was stable, predating the rise in Daphnia spp. by~10 years in Llaviucu and~45 years in Toreadora. Furthermore, in Toreadora, chlorophyll a began decreasing in~1960, predating the increase in Daphnia spp. by~45 years, while in Llaviucu and Chorreras, chlorophyll a remained constant while Daphnia spp. abundance increased. The lack of synchrony between the cladocerans and primary producers/sedimentary chlorophyll a in our lakes suggests that changes in overall primary production were not responsible for the shifts in cladoceran abundance. We further note that top-down impacts from cladoceran grazing did not appear to impact primary producers, despite the increase in Daphnia spp., a more efficient grazer (Korosi et al., 2012) .
Climate change has likely influenced the aquatic biota through different mechanisms, leading to variations in the timing and magnitude of their responses. The diatom taxa appear to have responded to changes related to thermal stratification of the water column (Michelutti et al., 2015c , a trend that has subsequently been recorded in a consistent manner in other Andean lakes (Michelutti et al., 2015a (Michelutti et al., , 2015b . Namely, enhanced thermal stratification (a threshold response) caused by warmer air temperatures and reduced wind speeds has enabled small planktonic diatom species such as D. stelligera to outcompete larger, heavier species that require turbulent conditions to remain in the photic zone (Rühland et al., 2008 (Rühland et al., , 2013 (Rühland et al., , 2015 . In contrast, the cladoceran assemblages have likely responded to a more complex interaction of direct physiological and indirect temperature-mediated factors (e.g. food supply and water chemistry changes). Nonetheless, cladoceran species composition has changed markedly among all study lakes within the last 50 years, a period during which climate-related variables have changed significantly in the region.
C O N C L U S I O N S
The Cajas Park study lakes have experienced biotic shifts at multiple trophic levels in response to recent climate change, including marked changes in cladoceran species assemblages. However, the timing of these invertebrate changes was not closely linked to shifts in thermal stratification (a threshold-based response), which had previously been documented using diatoms from the same cores, nor to overall lake production (as inferred from sedimentary chlorophyll a analyses). Moreover, the top-down (predation) and bottom-up (food supply) controls that we were able to investigate did not appear to be the direct drivers of cladoceran species change in these lakes. The Cajas lakes have experienced a reorganization of cladoceran communities during a period of known warming in the region. Nonetheless, the exact mechanism behind the cladoceran species shifts remains elusive, which is perhaps not surprising, as cladocerans may be affected by myriad interacting top-down and bottom-up controls, given their intermediate trophic position. With continued rapid warming in high-elevation areas, we anticipate that trophic shifts of equal or greater magnitude will occur in alpine lakes worldwide.
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